One sentence summary: There is a significant relationship between external glucose concentration, cell size and ROS generation. Thus, the glucose metabolism may be considered as an important factor influencing on the cell physiology. Editor: cristina mazzoni
INTRODUCTION
To survive, organisms must constantly adapt to environmental changes, which noticeably influence their growth, metabolism and development. The rate of metabolic processes determines cell growth and proliferation. A strict coordination between these two processes influences the size of the cell. Proper cell size is in turn one of the essential factors enabling cell division (Jorgensen and Tyers 2004; Edgar and Kim 2009 ). This phenomenon is even more pronounced for a microorganism such as yeast, in which the single cell is indeed the entire organism. In the budding yeast Saccharomyces cerevisiae, coordination of growth and reproduction occurs at the end of the G 1 phase at the START point, because cell must reach threshold size (Hartwell et al. 1974) . Recent studies show that cell size, in particular growth rate of the cell size per generation, seems to be an important parameter determining limited proliferation capacity of the cell (Zadrag-Tecza et al. 2009; Yang et al. 2011; Biliński, Zadr ag-T ecza and Bartosz 2012; Wright et al. 2013) . According to the hypertrophy hypothesis, limited reproductive potential is a consequence of existence of the maximum cell size threshold, which when obtained prevents further cell cycles. However, the maximum cell size should not be regarded as a physical parameter only because cell size has also an important impact on cellular physiology (Bilinski 2012; Biliński, Zadr ag-T ecza and Bartosz 2012) . The link between cell size and cell proliferation capacity has been observed not only for yeast cells but also for human cell cultures. Reproductive potential of human fibroblasts and corneal epithelial cells has been reported to be inversely dependent on cell size (Angello et al. 1987; De Paiva, Pflugfelder and Li 2006) .
Cell size is significantly modulated by environmental conditions, especially by availability of nutrients. One of them is glucose, which is the primary source of energy for most organisms but also provides carbon skeleton for biosynthesis of many biological molecules. Complete lack of glucose or its different concentrations have a significant influence on cellular physiology by changing the level of intracellular metabolites, stability of mRNAs, enzyme activity and gene transcription (Herman and Kahn 2006; Gancedo 2008) . In the S. cerevisiae, glucose represses a number of genes encoding enzymes that are key for respiration. This is why yeast uses fermentation to obtain energy even under aerobic conditions-a phenomenon known as the Crabtree effect (Rodicio and Heinisch 2009; Nilsson and Nielsen 2016) . A metabolic mode similar to yeast aerobic fermentation, known as a Warburg effect, is also observed in cancer cells (Warburg 1956; Diaz-Ruiz, Rigoulet and Devin 2011) . Extracellular glucose uptake across cell membrane and the important role of glucose in many metabolic pathways is the main reason why cells have developed strict methods of detecting changes in the glucose level in the environment. Yeast cells have several genes whose expression results in synthesis of proteins acting as glucose transporters and glucose sensors or those that are involved in glucose metabolism and glucose intracellular signalling (Rolland, Winderickx and Thevelein 2002; Gancedo 2008; Rødkaer and Faergeman 2014) . The largest group are genes encoding hexose transporters (HXT genes) (Gancedo 2008) . Expression of the selected HXT genes largely depends on other plasma transmembrane proteins, such as Snf3p and Rgt2p. These genes have a similar sequence to hexose transporters but they are unable to transport glucose themselves and play the role of sensors of external glucose concentration (Rolland, Winderickx and Thevelein 2002; Gancedo 2008) . Since glucose acts as a metabolism modulating molecule, cells have developed glucose-signalling pathways. One of them is the cAMP/PKA pathway that controls many cellular processes inter alia cell growth, proliferation, glycolysis or stress response. Synthesis of cAMP, which activates protein kinase A (PKA), depends on the activity of plasma membrane protein Gpr1p, coupled with the α-subunit of G-protein named Gpa2p. The presence of glucose in the environment stimulates Gpr1p, which causes a switch from Gpa2p bound GDP to GTP and subsequent adenylate cyclase activation (Rolland, Winderickx and Thevelein 2002; Rødkaer and Faergeman 2014) . Beside extracellular glucose detection, determination of the level of intracellular glucose is also important. It has been shown that hexokinase isoenzyme 2 − Hxk2p plays a key role in this process (Rolland, Winderickx and Thevelein 2002) . Hxk2p, which is generally known as a glycolysis enzyme, has other non-metabolic functions and is involved in glucose-mediated repression of several genes (Rødkaer and Faergeman 2014) . In the case of yeast cells, the low glucose concentration in the medium is considered as a condition of calorie restriction (CR). CR is a generally accepted phenomenon that, beside yeast, extends the lifespan and improves the healthspan of organisms across a broad range of species (Colman et al. 2009; Smith, Nagy and Allison 2010; Mattison et al. 2012; Fontana and Partridge 2015) . The effect of CR in improving the organism's healthspan is unquestionable and manifested inter alia by prevention of obesity, reduction of diabetes, protection against brain atrophy, cancer and cardiovascular disease (Smith, Nagy and Allison 2010; Fontana and Partridge 2015) . There are several hypotheses explaining positive effects of CR, although individually none of them explains fully the entire phenomenon (Masoro 2000) . Apart from improving the quality of life, CR is also regarded as a method of increasing the lifespan of organisms. However, this issue is less obvious and is still under academic debate (Colman et al. 2009; Smith, Nagy and Allison 2010; Austad 2012; Mattison et al. 2012) . The most problematic in CR studies is using organisms fed ad libitum as controls (Colman et al. 2009; Austad 2012) . Ad libitum supply of nutrients usually means more than the organism actually needs, in contrast to the conditions found in the natural environment. Therefore, the concept of calorie excess (CE) as a state in which the amount of nutrients is higher than would result from the actual demand of the metabolic processes seems to be equally important, albeit often overlooked (Biliński, Paszkiewicz and Zadrag-Tecza 2015; Mathers 2015) . High glucose concentration in the medium, in the case of yeast cells, means the CE. Therefore, disorders in glucose sensing and its metabolism can lead to abnormalities in coordination between cell size and cell cycle, which is observed in obesity and diabetes (Morocutti et al. 1996; Sedeek et al. 2010; Lumeng and Saltiel 2011) .
These studies was designed to evaluate the effect of different glucose concentration, both deficiency and excess, on cell growth, cell size and cellular physiology. These analyses were performed using the S. cerevisiae yeast cells, with disruption of genes involved in glucose signalling as a model.
MATERIALS AND METHODS

Chemicals
6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-6-deoxyglucose (6-NBDG), dihydroethidium (DHET), 2 ,7 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA), FUN-1, rhodamine B hexyl ester, rhodamine 123 and Amplex Red Glucose/Glucose Oxidase Assay Kit were from Molecular Probes (Eugene, Oregon, USA). All other reagents were purchased from Sigma-Aldrich (Poznan, Poland). Components of culture media were from BD Difco (Becton Dickinson and Company, Spark, USA) except for glucose (POCH, Gliwice, Poland).
Yeast strains and growth conditions
The following yeast strains were used: wild-type (WT) BY4741 MATa his3 leu2 met15 ura3 (EUROSCARF) and three mutant strains isogenic to BY4741: gpa2; gpr1; hxk2 (EUROSCARF). The results presented in Fig. S2 (Supporting Information) were obtained using the following yeast strains: wild-type (WT) SP4 MATα leu1 arg4 and two mutant strains isogenic to SP4: sod1; ctt1 cta1. Yeast was grown in the liquid YP medium (1% Yeast Extract, 1% Yeast Bacto-Peptone) with different glucose concentrations (0.5%, 2% and 4%) on a rotary shaker at 150 rpm, at the temperature of 28
• C.
Isolation of respiratory-deficient cells
To obtain respiratory-deficient cells, respiratory-competent cells of WT, gpa2, gpr1 and hxk2 yeast strains were treated with ethidium bromide according to the procedure described by Slonimski, Perrodin and Croft (1968) . Briefly, yeast cells from the exponential phase of growth were treated three times with ethidium bromide at the concentration of 10 μg/ml; respiratorydeficient cells were then identified by their inability to grow on the non-fermentable carbon source (solid and liquid YP medium with 3% glycerol). To prepare solid medium, 2% agar was added.
Determination of cell growth
Growth of yeast cells was analysed on the liquid medium. Yeast cultures were cultivated for 24 h in a shaking incubator (Heidolph incubator 1000) at 1200 rpm at 28 • C. Growth was monitored turbidimetrically at λ = 600 nm using an Anthos 2010 type 17550 microplate reader. Measurements were performed at 1 h intervals for 12 h and after 24 h of cultivation. Growth rate was determined by calculation, on the basis of the linear section of the growth curves according to the method of Widdel (2007) .
Determination of glucose and ethanol concentrations
Yeast cells were grown in proper medium to early exponential phase (12-13 h). Concentrations of both compounds were determined in the culture medium after centrifugation and removal of the yeast cells. Glucose concentration was determined with Amplex Red Glucose/Glucose Oxidase Assay Kit according to the manufacturer's protocol (Molecular Probes). Fluorescence was measured after 20 min of incubation in the dark, at 28
• C, at λ ex = 530 nm and λ em = 590 nm. Ethanol concentration was determined with ALCOTEST (an enzymatic kit containing alcohol oxidase and peroxidase) according to the procedure of Gonchar et al. (2001) . The reaction was stopped after 20 min of incubation at room temperature and absorbance was measured at λ = 450 nm. Fluorescence and absorbance measurements were performed using a TECAN Infinite 200 microplate reader.
Measurement of glucose uptake
Glucose uptake rate was determined by using 6-NDBG, a fluorescent non-hydrolysable glucose analogue. Yeast cells from the early exponential phase of growth were washed twice with sterile PBS with pH 7.4 and suspended to final density of 2 × 10 8 cells/ml in the same buffer. After addition of 6-NBDG at the final concentration of 150 μM, cells were incubated at 28
• C for 90 min.
The concentration of 6-NBDG and incubation time were selected after wide-ranging analyses of these parameters in the range of proposed by the manufacturer (Molecular Probes) and used in another yeast studies based on glucose analogue 2-NBDG (Roy et al. 2015; Zhang et al. 2015) . The reaction was stopped by washing the cells twice with PBS. The fluorescence of the cells was recorded using a TECAN Infinite 200 microplate reader at λ ex = 455 nm and λ em = 540 nm. The values were expressed as a percentage compared to the WT strain.
Measurement of cell metabolic activity
Metabolic activity of yeast cell was determined with FUN-1 according to the manufacturer's protocol (Molecular Probes) with modifications described by Kwolek-Mirek and Zadrag-Tecza (2014) . Incubation with 0.5 μM FUN-1 was conducted for 15 min in the dark at 28
• C. The fluorescence of the cell suspension was measured using a TECAN Infinite 200 microplate reader at λ ex = 480 nm and λ em = 500-650 nm.
Estimation of cell size
Mean cell size in the population was estimated through analysis of microscopic images captured with an Olympus BX-50 microscope equipped with a Sony SSP-DC50AP digital camera. Diameter of the cell was measured using the MicroImage 3.0 software. Cell diameter was measured in two perpendicular planes for each cell, and the mean value was used for calculations. For each yeast strain cultured in medium with different glucose concentrations, at least 300 cells were counted.
Determination of reactive oxygen species generation
Generation of reactive oxygen species (ROS) was assessed with dihydroethidium (DHET; 10.7 μM final concentration; stock solution in DMSO) and 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCF-DA; 15.8 μM final concentration; stock solution in ethanol). DHET is oxidised mainly by superoxide anion to fluorescent hydroxyethidium; in turn, after entering the cell H 2 DCF-DA is hydrolysed with release of 2',7'-dichlorodihydrofluorescein (H 2 DCF), which is oxidised among others by hydrogen peroxide, hydroxyl radical and singlet oxygen to the fluorescent 2',7'-dichlorofluorescein (DCF). Yeast cells (both respiratory competent and respiratory deficient) from the early exponential phase of growth were washed twice with sterile water and suspended to a final density of 10 8 cells/ml in a 100 mM phosphate buffer with pH 7.0, containing 0.1% glucose and 1 mM EDTA. DHET or H 2 DCF-DA was added to 200 μl of cell suspension and immediately the fluorescence measurement was performed. The kinetics of fluorescence increase, due to oxidation of the fluorogenic probes, was measured using a TECAN Infinite 200 microplate reader. Measurements were performed for 30 min at 28
• C at λ ex = 518 nm, λ em = 605 nm for DHET and λ ex = 495 nm, λ em = 525 nm for H 2 DCF-DA. ROS production was expressed as a relative rate of fluorescence increase.
Determination of mitochondrial membrane potential
Mitochondrial membrane potential was determined using rhodamine 123 according to the manufacturer's protocol (Molecular Probes). Briefly, yeast cells from early exponential phase culture were washed twice with sterile water and suspended to final density of 10 7 cells/ml in 50 mM citrate buffer with pH 5.0, containing 2% glucose. Incubation with 5 μM rhodamine 123 was conducted for 20 min in the dark at 28
• C. After incubation, cells were harvested and resuspended in fresh citrate buffer. The fluorescence was measured using a TECAN Infinite 200 microplate reader at λ ex = 505 nm and λ em = 534 nm.
Estimation of mitochondrial network structure
Structure of the mitochondrial network was determined using rhodamine B hexyl ester whose fluorescence depends on mitochondrial membrane potential. Cells were washed twice with sterile water and suspended in 10 mM HEPES buffer with pH 7.4, containing 5% glucose. Incubation with 100 nM rhodamine B was conducted for 20 min in the dark at 28
• C. After incubation, mitochondrial network was visualised by fluorescence microscopy at λ ex = 555 nm and λ em = 579 nm. The microscopic images, which present the typical results of the duplicate experiment, were captured with the Olympus BX-51 microscope equipped with the DP-72 digital camera and cellSens Dimension software.
Statistical analysis
Results are presented as mean ± SD from at least three independent experiments. The statistical analysis was performed using the STATISTICA 10.0 software. The statistical significance of the differences between the means obtained from mutant strains in comparison to the WT strain as a control was estimated using one-way ANOVA with Dunnett's post hoc test. The statistical significance of the differences between means of the three media compared was evaluated using one-way ANOVA with the Tukey post hoc test. The values were considered significant at P < 0.05. Used designation: differences between strains * P < 0.05, * * P < 0.01, * * * P < 0.001; differences between media a-different to medium with 0.5% glucose, b-different to medium with 2% glucose, c-different to medium with 4% glucose.
RESULTS
Yeast cell population growth
Glucose is regarded as a molecule with a significant influence on cellular physiology. Therefore, different glucose concentrations in the medium or disruptions of genes associated with glucose signalling may change the kinetics of yeast cell growth. Cultivation of yeast cells in media with different glucose concentrations resulted in different time periods for reaching growth curve plateau level (Fig. 1A) . Respectively, after 7 h in the medium with 0.5% glucose, 9-10 h in the medium with 2% glucose and about 12 h in the medium with 4% glucose, the shapes of growth curves obtained in media with 2% and 4% glucose concentrations were similar. No differences were observed between kinetics of growth in the medium with 4% glucose in comparison to the optimum 2% glucose concentration (Fig. 1A) . Moreover, there were no differences between the WT strain and yeast mutant strains devoid of genes required for proper glucose signalling, at any analysed culture conditions (Fig. 1A) . The growth rate, determined by calculation of the data obtained from the linear section of the growth curve, did not reveal any differences between the analysed yeast strains and the applied culture conditions (Fig. 1C) . The influence of glucose concentration on cell population growth was observed only after 24 h of cultivation (Fig. 1B) . Higher OD values were associated with increased glucose concentrations in the medium. This effect was more visible in the case of cells growing in a medium with 0.5% glucose in comparison to the other two types of media (Fig. 1B) . The obtained results (Figs 1A-C) did not reveal any clear differences in growth of the yeast cell population, both between cells cultivated in media with different glucose concentration and between the analysed strains.
Ethanol and glucose concentrations in the medium
Yeast cells obtain energy by fermentation or oxidative respiration depending on glucose concentration in the medium. A comparison of physiological parameters of cells is appropriate only when yeast cells have a similar type of metabolism. For this purpose, both glucose and ethanol concentrations were determined in the culture medium so that regardless of different glucose concentrations used for cultivation, the cells were provided with energy in the same way, i.e. through fermentation. The physiological parameters of the cells were analysed at strictly defined point of cultivation (fermentative metabolism before diauxic shift). This point was selected on the basis of analysis of the rate of glucose consumption and ethanol production performed in WT strain ( Fig. 2A) . Such control of experimental conditions is particularly important when yeast cells are cultivated in the medium with low glucose concentration, e.g. 0.5%, because exhaustion of glucose leads to the diauxic shift, thereby completely changing cellular metabolism. It was confirmed that yeast strains used in the studies carry out mainly fermentation at assumed experimental conditions, on all types of medium (YP with 0.5%, 2% and 4% glucose concentrations). This was substantiated by the presence of ethanol with relatively high level of glucose compared to its initial concentration (Fig. 2B ).
The glucose uptake
Yeast strains used in this study represented mutants with disruption of genes involved in the intracellular signalling-HXK2 or extracellular glucose signalling performed by the cAMP/PKA pathway-GPA2, GPR1. To evaluate whether these types of disruption in glucose signalling may have an influence on the rate of glucose uptake, an analysis was performed using the fluorescent non-hydrolysable glucose analogue 6-NBDG. Analysis of glucose uptake in yeast is usually performed by using another glucose analogue 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) (Roy et al. 2015; Zhang et al. 2015) . Considering that one of analysed strains is strain with deletion of gene encoding hexokinase 2 (HXK2) and the deletion of the others analysed genes (GPA2 and GPR1) may strongly influence glucose metabolism, 6-NBDG was used in the analysis. The fluorescence of this glucose analogue is independent of hexokinase activity, it cannot be phosphorylated what leads to its accumulation within the cell. The accumulation of 6-NBDG analogue is proportional to the rate of glucose uptake. In our experimental conditions, this is an advantage in relation to 2-NBDG because such modification in C2-position of glucose allows to its phosporylation by hexokinase and subsequent degradation to non-fluorescent products. There were no differences between gpa2, gpr1 and hxk2 yeast mutant strains although they have a significantly lower glucose uptake rate in comparison to the WT strain (Fig. 3A) .
The level of cell metabolic activity
As a cellular source of energy, glucose is a major modulator of metabolic processes. Therefore, an analysis of relative metabolic activity (which can be treated as an equivalent of cell viability) of cells growing in media with different glucose concentrations was performed. A slight increase in the values of cell metabolic activity was observed with an increase in the extracellular glucose concentration (Fig. 3B ). There were no differences between cell metabolic activity of the gpa2 and gpr1 yeast mutant strains in comparison to the WT strain. These cells showed a similar metabolic activity status. Different findings were recorded in the case of the hxk2 yeast mutant strain. Its cells showed lower cell metabolic activity in comparison to WT and other two yeast mutant strains (Fig. 3B) . However, regardless of the relatively low value of metabolic cell activity observed in the case of hxk2 yeast mutant strain, it is sufficient to provide proper physiology status of the cell.
Influence of extracellular glucose concentrations and glucose uptake on the cell size
Glucose is a molecule important for biosynthetic processes and has a significant impact on the mean size of yeast cells in a population. It has been observed that there is a relationship between the mean value of yeast cell size and the extracellular glucose concentration. Cell size increased with the increasing extracellular glucose concentration (Fig. 4A ), and this relationship was most noticeable in the case of the WT strain cells (Fig. 4A) . Comparison between mean cell sizes of yeast mutant strains and the WT strain showed that the value of the parameter was lower for the mutant cells. In a medium with the 0.5% glucose concentration, the gpa2 and gpr1 yeast mutant strains showed a decrease in cell size by more than 5% in comparison to the WT strain. The hxk2 strain showed a greater reduction in the cell size-more than 10% compared to the WT strain (Fig. 4A) . A similar relation was observed between the size of the cells of the analysed yeast strains grown on the media with 2% and 4% glucose concentrations. What is worth emphasising is that there is a connection between the mean cell size (Fig. 4A ) and the glucose uptake (Fig. 3A) . Cells of the yeast mutant strains with lower glucose uptake (Fig. 3A) had a significantly lower mean size in comparison to the WT strain cells (Fig. 4A) . In all analysed strains, the smallest cell size was noted for the hxk2 strain (Fig. 4A) . In order to extend the level of comparison among cell sizes of the analysed yeast strains and to identify strains with the highest similarity regardless of the extracellular glucose concentration, a hierarchical clustering analysis was performed. The analysis indicated a strong similarity between gpa2 and gpr1 yeast strains. WT and hxk2 strains showed the lowest level of similarity and the largest distance in the dendrogram among the analysed yeast strains (Fig. 4B) .
Influence of extracellular glucose concentration and glucose uptake on ROS generation
The level of glucose determines the type of yeast cell metabolism: fermentation, aerobic respiration or a mix of both. Each type of metabolism leads to the generation of ROS at a different level. ROS are generally regarded as destructive molecules that cause damage to cellular components. Hence, ROS generation levels were measured by using two complementary fluorescence-based methods, i.e. DHET and H 2 DCF-DA assays. The specificity of both probes in ROS determination was identified by using additional yeast strains: (i) devoid of superoxide dismutase 1 ( sod1); (ii) devoid of both catalases ( ctt1 cta1) whose can be treated as a positive control for that probes ( Fig.  S2A and B) . Analysing the influence of glucose concentration on the intracellular ROS generation, it was observed that an increase in the extracellular glucose concentration caused a significant increase in the ROS content designated with DHET (Fig. 5A) . The lowest ROS content was observed for the 0.5% glucose medium and the highest for cells cultivated in the 4% glucose medium. This dependence was observed for cells across all analysed strains, although it was most pronounced for the WT strain. In the WT strain, the differences of ROS content between cells cultured in medium with 0.5% and medium with 4% glucose were almost double. However, a comparison of the differences in ROS generation between strains within the particular medium showed that all mutant strains had lower level of the ROS content designated with DHET compared to the WT strain (Fig. 5A) . Differences in ROS generation were also observed in the H 2 DCF-DA assay. In the 0.5% glucose medium, all yeast mutant strains and the WT strain had similar ROS generation levels. However, with increased glucose concentrations in the medium, the differences between the WT and mutants strains became more significant. In the 4% glucose medium, ROS content for mutant strains was ca. 30% lower compared to the WT strain. No significant differences were noticed for cells of mutant strains cultivated in the medium with different glucose concentrations. Such differences were observed only for the WT strain cells (Fig. 5B) .
Structural and functional status of mitochondria
The structural and functional status of mitochondria, which are regarded as main cellular sources of ROS, depends on the type of metabolism of the yeast cell. The structure of mitochondrial network observed in microscopic images was similar for all analysed strains but also for all media with different glucose concentration. Accumulation of the dye depends on mitochondrial membrane potential; therefore, the results show not only the mitochondrial structure but also the fact that mitochondria maintain functional state even in a 4% glucose medium where energy generation by aerobic respiration is unnecessary (Fig. 6A) . These results were confirmed by a quantitative analysis of the mitochondrial membrane potential (Fig. 6B) . The analysis shows lack of significant differences, both in comparison with the analysed yeast strains and the media used.
ROS generation rate in respiratory-deficient yeast cells (rho 0 )
In the case of yeast cells, in order to investigate the importance of mitochondria in cellular metabolism, respiratory-deficient mutant cells may be used. Cells of this type are characterised by their inability to grow on non-fermentable carbon source as they cannot conduct aerobic respiration. In the study in question, the purpose of the use of such cells was to get a wider range of comparisons in order to define the role of mitochondria in glucose-dependent ROS generation. Respiratory-deficient cells of all analysed yeast strains, i.e. WT, gpa2, gpr1 and hxk2, were obtained by a standard method using ethidium bromide. Mutant cells were identified among others by a growth test in the liquid YP medium with 3% glycerol (Fig. S1A , Supporting Information) and by determination with fluorescence dye rhodamine B (Fig. S1B) . The analyses confirm the respiratory deficiency of the rho 0 yeast mutant strains obtained (Fig. S1A and B) . Determination of ROS generation in respiratory-deficient yeast cells ( Fig. 7A and B) brought comparable results to those observed in respiratory-competent cells ( Fig. 5A and B) . The lowest ROS content was observed in the medium with 0.5% glucose and the highest for cells cultivated in the 4% glucose medium. A lowered level of ROS designated with DHET was also observed for all yeast mutant strains in all types of media in comparison to the WT strain (Fig. 7A) . A similar relationship observed between yeast mutant strains and the WT strain in ROS content obtained with H 2 DCF-DA assay was also noted in the case of medium with 2% and 4% glucose concentration. There were no differences in the ROS generation between the WT and yeast mutant strains in the 0.5% glucose medium (Fig. 7B ).
DISCUSSION
The focus of the present research was to determine the influence of glucose on yeast cell physiology. Studies of glucose impact on cell growth and reproduction rates usually focused on comparing yeast cells cultivated with or without glucose (Alberghina et al. 2004; Tamaki et al. 2005) . Therefore, in this work, we applied the comprehensive approach by using not only conventional conditions of CR, but also the high glucose concentration as an equivalent of CE conditions. To provide mainly the fermentative metabolism, the conditions of the research were strictly controlled ( Fig. 2A and B) . Moreover, different yeast mutant strains, generally regarded as a genetic model that mimics CR-hxk2, gpa2, gpr1 (Lin, Defossez and Guarente 2000)-were also used. The rate of cell metabolism is coordinated by the status of environmental nutrients. In yeast, type and availability of carbon sources strongly influence cell physiology and proliferation (Gancedo 2008; Nilsson and Nielsen 2016 ). The precise coordination between yeast cell growth and its reproduction is connected with cell size. Cells need to be equipped with specific control mechanisms to coordinate accumulation of cellular constituents, necessary for proper proliferation and their distribution to the progeny at each cell cycle (Hartwell et al. 1974) . In turn, the rate of cell reproduction strongly influences the growth rate of the population. There is no significance correlation between the growth rate and the extracellular glucose level (Fig. 1A  and C) . As was shown, such correlation can be observed only at a very low glucose levels (below ca. 0.1%) (Youk and van Oudenaarden 2009; Ziv, Siegal and Gresham 2013) . Moreover, taking into consideration the growth rate of the cell population, there is no significant differences between the WT strain cells and the yeast mutant strain cells devoid of genes responsible for glucose signalling (Fig. 1A and C) , even though these genes are crucial in cellular sensing and signalling pathways (Gancedo 2008; Busti et al. 2010 ). This observation is consistent with previous studies showing that gpa2 and gpr1 mutants have the duplication time similar to the WT strain in the conditions with or without glucose (Alberghina et al. 2004; Tamaki et al. 2005) . The observed lack of differences may be caused by the fact that yeast cells have several mechanisms for monitoring and responding to changes in glucose availability in the environment. Moreover, certain studies underline that the growth rate is not simply dependent on glucose sensing and signalling but also on glucose uptake. Individually, none of these processes have a decisive impact on cell physiology, rather the interaction between them determines the rate of growth and proliferation. Therefore, both extracellular and intracellular glucose signalling cooperate to coordinate cell growth with cell cycle progression (Youk and van Oudenaarden 2009; Busti et al. 2010) . Such relationship may be also confirmed by the results presented in this paper (Fig. 3A) . In this study, the rate of glucose uptake was determined by using 6-NBDG, a fluorescent glucose analogue typically used in mammalian and human cells, especially brain cells (Barros et al. 2009; Jung et al. 2011; Kim et al. 2012) . To our knowledge, it was the first time that 6-NBDG was used for monitoring of the glucose uptake in yeast cells; usually for this model, the 2-NBDG glucose analogue is used (Roy et al. 2015; Zhang et al. 2015) . The use of that analogue was based on the fact that 2-NDBG is phosphorylated to the fluorescent form by hexokinase, which in the case of yeast strains used in these studies would impede a correct analysis. The results show that disorders in glucose signalling pathways can decrease the rate of glucose uptake (Fig. 3A) . If the rate of glucose uptake can be different between strains, the intracellular glucose levels may markedly differ between yeast cells even when the extracellular glucose concentration is exactly the same. The level of glucose uptake may directly regulate the type of yeast cell metabolism, thus determining a number of physiological parameters. First of all, glucose metabolism may affect the cell size. Cells growing on the medium with a non-fermentable carbon source are generally smaller than the cells that obtain energy by fermentation, although the respiratory pathway provides several times more ATP per mole of glucose than alcoholic fermentation (Rolland, Winderickx and Thevelein 2002; Nilsson and Nielsen 2016) . The reasons of this phenomenon are not yet fully understood, but it is assumed that ethanol production during fermentation is one of the main causes. Ethanol may be used as a non-fermentable carbon source; more importantly, it can inhibit growth of other microorganisms, providing a competitive advantage to yeast cells. However, latest results show another possible explanation. Although fermentation generates a small quantity of energy, the cost of its production is relatively small in comparison to the aerobic respiration. Oxidative phosphorylation requires strict activity of several proteins, mainly enzyme proteins; that is why the number of required proteins per produced ATP is much higher than in glycolysis (Nilsson and Nielsen 2016) . This suggests that the cells possess a specific metabolic trade-off. Depending on the glucose concentration, cell metabolism may change smoothly from fermentation through the respiro-fermenting mode to aerobic respiration (Somsen et al. 2000; Hagman and Piškur 2015; Nilsson and Nielsen 2016) . It is worth emphasising that apart from being the source of energy, glucose is also a carbon substrate for biosynthesis (Fraenkel 1982; Somsen et al. 2000) . In the cell, the biosynthetic route of glucose utilisation is represented by the pentose phosphate pathway (PPP pathway). This pathway is generally considered as a source of aromatic amino acids, ribose for nucleotides biosynthesis and NADPH (Fraenkel 1982; Rodicio and Heinisch 2009) . The studies showed that the size of the cell (Fig. 4A ) is strictly correlated with the level of extracellular glucose concentration, but also, which is more important, with the rate of glucose uptake (Fig. 3A) . This can be interpreted that the cell size depends not only on the extracellular but also on intracellular glucose concentration. Even when the extracellular level of glucose is high (e.g. 4%), the mutations that decrease the rate of glucose uptake (e.g. in glucose signalling pathway) may result in a smaller cell size in comparison to the WT cells. These results are consistent with the generally known phenomenon that the size of the cell growing in CR conditions is reduced in comparison to the size of cells growing in optimum conditions (2% glucose). This observation may be explained by the existence of the trade-off between fermentation and aerobic respiration processes. Nevertheless, the observed differences in the cell size between the optimum (2% glucose) and CE conditions (4% glucose) cannot be explained by the same relationship as in both media the cells obtained energy through fermentation. The reasons of these differences can be connected with the PPP pathway as a main cellular biosynthetic route. These observations are consistent with the studies showing a distinct connection between protein content and cell size. Such relationship was observed in the case of different types of media (the medium with a non-fermentable or fermentable carbon source) and for mutants strains with disorders in the glucosesensing and signalling pathway ( gpa2, gpr1 and hxk2) (Alberghina et al. 2004; Tamaki et al. 2005; Soma et al. 2014) . In conditions when the amount of glucose is higher than the actual energy demand, the excess glucose can be forwarded directly to the biosynthesis of macromolecules. Such utilisation of glucose may be one of the reasons of higher cell vitality (Fig. 3B) . Nevertheless, both the increase in cell size and the higher rate of biosynthetic processes may also lead to negative consequences, such as reduction of cell proliferation capacity through faster achievement of the size that prevents further proliferation. This is connected with the hypertrophy hypothesis that proposes an explanation of the limited reproductive capacity of yeast cells (Biliński, Zadr ag-T ecza and Bartosz 2012) . The inverse relationship between proliferation capacity and cell size is also noted in human cell cultures (Angello et al. 1987; De Paiva, Pflugfelder and Li 2006) . Moreover, disorders of growth regulation, resulting from high glucose concentration, lead to the hypertrophy phenotype and cell division arrest. Such cell features were observed inter alia in diabetes and obesity (Morocutti et al. 1996; Lumeng and Saltiel 2011; Liu et al. 2012) . However, the reasons for hypertrophy in yeast and in mammalian cells will be partially different, also because of the preferred type of metabolism under aerobic conditions, although the consequences of this phenomenon might be similar. A high extracellular glucose concentration level is also connected with another consequence, such as induction of oxidative stress observed in different types of cells (Gupte 2010; Sedeek et al. 2010; Yu, Wu and Yang 2016; Sedlic et al. 2017) .
There is a limited number of studies evaluating the influence of high-sugar concentration in the medium on cell physiology in the yeast model (Landolfo et al. 2008; Palabiyik and Jafari Ghods 2015) . Therefore, a broader analysis of this issue seems to be particularly important. Hence, we analysed ROS generation in yeast cells (Fig. 5A and B) depending on the extracellular but also intracellular glucose concentrations (Fig. 3A) . The results showed that ROS generation in yeast cells increased with the increase in the extracellular glucose concentration (Fig. 5A and  B) . Moreover, the ROS content in yeast cells may be maintained at a low level by decreasing the rate of glucose uptake (Figs 3A and 5A, B) , which adds force to the argument that the intracellular glucose level has a significant impact on cell physiology. The highest ROS content observed under CE conditions (4% glucose) ( Fig. 5A and B) , in which yeast cells should obtain energy only by fermentation, suggests that mitochondria are not the only cellular source of ROS. At low glucose concentrations, yeast cells obtain energy by oxidative phosphorylation, which is considered a possible cause of higher ROS generation (Zuin et al. 2010) . The results presented in this paper show that the level of ROS (both superoxide anion and peroxides) was the lowest in a medium with the 0.5% glucose concentration (CR) (Fig. 5A and B), which is similar to the results obtained in other studies (Barros et al. 2004; Molin et al. 2011) . However, there are also results suggesting that CR leads to an increase in ROS, which act as mild stressors and activate stress response processes (Sharma, Agrawal and Roy 2011; Denoth Lippuner, Julou and Barral 2014) . Moreover, it is proposed that a low concentration of glucose extends yeast lifespan by metabolic shift from fermentation toward respiration (Lin et al. 2002; Denoth Lippuner, Julou and Barral 2014) . This view is inconclusive in the light of the lifespan analysis results obtained for respiratory-deficient yeast cells (rho 0 ), whose lifespans are increased despite the fact that they are only able to perform fermentation (Kaeberlein et al. 2005; Denoth Lippuner, Julou and Barral 2014) . ROS generation is strictly connected with the functional status of mitochondria, whose commitment to energy production in yeast cells depends on glucose concentration. The analysis showed no differences in terms of yeast strains and prevailing conditions both for the mitochondrial network (Fig. 6A ) and the mitochondrial membrane potential (Fig. 6B) . Similar mitochondrial results in yeast cells growing in different types of medium were obtained in the research conducted by Molon et al. (2016) . This would suggest that even when yeast cells obtain energy by fermentation, they still possess functional mitochondria as a kind of protection against sudden changes in nutrients availability. Moreover, the rate of ROS generation in respiratory-deficient yeast cells ( Fig. 7A and B) was similar to the rate of ROS generation observed in respiratory-competent cells ( Fig. 5A and B) . It is worth noting that for both type of cells (rho 0 and rho + ), ROS content levels correlated with the concentration of glucose in the medium (Fig. 5A,B and 7A,B) . The results of ROS content in the analysed yeast cells and the designated functional status of mitochondria ( Fig. 6A and B) imply that the glucose-dependent ROS generation may have non-mitochondrial sources. This suggests that beside the mitochondrial source of ROS, there is another source of ROS in yeast cells, which is probably cytoplasmic. Similar results, presented extramitochondrial source of ROS generation, were reported in the yeast cells cultivated under stress conditions (Busti et al. 2016) . The results presenting the existence of NADPH oxidase 1 (Yno1p) in yeast cells provide additional support to this hypothesis (Rinnerthaler et al. 2012 ). This enzyme is regarded as an orthologue to human NADPH oxidases (NOX enzymes). These enzymes catalyse the production of superoxide anion from oxygen and NADPH (Babior 1999) , and are considered as an important non-mitochondrial ROS sources in the cell, connected in particular with diabetes and obesity (Furukawa et al. 2004; Sedeek et al. 2010) . Furthermore, activity of NADPH oxidase is directly dependent on the availability of NADPH that is mainly formed in the cell by the PPP pathway. This dependency underlines an important role of the PPP pathway in non-mitochondrial ROS generation (Serpillon et al. 2009; Losser, Damoisel and Payen 2010) . In consideration of these data and results of this paper, we propose possible consequences of the CE condition for cells (Fig. 8) .
To conclude, this study provides evidence for a significant relationship between external glucose concentration, cell size and ROS generation. The obtained results show that the intracellular glucose amount is more important than the extracellular level of glucose. Furthermore, non-mitochondrial sources of ROS seem to be important in yeast cells during fermentative metabolism. Thus, the glucose level in the cell and glucose metabolism through different pathways, including the PP pathway, may be considered as another important factor influencing physiology of yeast cells and their reproductive potential. Nevertheless, the results also show that negative consequences of CE are independent from the type of yeast cell metabolism, which is an argument in favour of using the S. cerevisiae yeast cells in such studies.
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